Introduction
============

Macrophages regulate innate immune responses to acute and chronic inflammation^[@bib1]^. Deregulation of macrophage differentiation may lead to diseases including autoimmune disorders and cancer^[@bib2],[@bib3]^. Circulating monocytes are versatile precursors with the ability to differentiate into various forms of macrophages^[@bib4]^. Stimulated monocytes activate pro-survival pathways, migrate to tissues and differentiate into macrophages^[@bib4]^. Granulocyte-macrophage colony-stimulating factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF) induce monocyte-macrophage lineage differentiation both *in vivo* and *in vitro*. Previous studies have determined many of the signaling pathways activated by GM-CSF or M-CSF^[@bib5],[@bib6]^. The three mitogen-activated protein kinases (MAPKs), ERK, JNK and p38, are known to be activated following GM-CSF or M-CSF treatment and have been implicated in monocyte-macrophage differentiation^[@bib7],[@bib8],[@bib9]^. Particularly, an immediate and a late-phase activation of ERK were observed during monocytic cell line differentiation^[@bib7],[@bib10]^. Our previous study showed that JNK activation by GM-CSF or M-CSF is critical for monocyte survival and differentiation through mediating the induction of autophagy^[@bib11]^.

GM-CSF- or M-CSF-differentiated macrophages can be further differentiated or polarized to more specialized cells in response to additional stimuli^[@bib12],[@bib13]^. For instance, when GM-CSF-differentiated human macrophages are engaged with bacterial products and Th1 cytokines such as lipopolysaccharide (LPS) and interferon-γ (IFNγ), they are polarized to classically activated macrophages, also known as M1 macrophages, which harbor immune-stimulatory properties and cytotoxic function against tumor cells^[@bib14]^. However, when M-CSF-differentiated human macrophages are activated by Th2 cytokines, such as IL-4, or immune-suppressors, such as IL-10, they become alternatively activated, or M2, macrophages, which have low cytotoxic function but high tissue-remodeling activity^[@bib1],[@bib14]^. The molecular mechanism that regulates the differentiation of M1 and M2 macrophages remains enigmatic.

Macrophages are the most abundant immune cells involved in tumor development^[@bib15]^. Tumor-associated macrophages (TAMs) are M2-like cells and are responsible for many tumor-promoting activities during tumor initiation, progression and metastasis^[@bib16],[@bib17]^. TAMs play a major role in suppressing the antitumor responses of dendritic cells (DCs), cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells^[@bib18],[@bib19]^. Blocking the functions of TAMs inhibits tumorigenesis^[@bib20],[@bib21]^.

ROS are generally considered to be deleterious to cells, but ROS also have an important role in regulating signal transduction pathways^[@bib22],[@bib23]^ and gene expression^[@bib24]^. Some reports suggested that ROS may be involved in the differentiation of haematopoietic lineages or macrophage cell lines^[@bib25]^, yet little is known about the role of superoxide in the activation of MAPKs during monocyte-macrophage differentiation and in the differentiation of M1 and M2 macrophages.

In this study, we report that ROS play a critical role in the differentiation of M2 macrophages and the occurrence of TAMs. We found that O^2−^ generation is needed for the late-phase ERK activation and monocyte-macrophage differentiation. Particularly, the inhibition of ROS generation specifically affects the polarization to M2, but not M1, macrophages. More importantly, we found that the continuous administration of BHA efficiently blocked the occurrence of TAMs and markedly suppressed tumorigenesis in three different mouse cancer models.

Results
=======

BHA blocks the differentiation of M2, but not M1, macrophages
-------------------------------------------------------------

To investigate whether necrosis is involved in monocyte death, we tested the effect of BHA, which inhibits necrosis in some cells^[@bib26]^, on the death of human primary monocytes. While BHA had some inhibitory effect on the death of the non-treated cells, surprisingly, we found that the presence of BHA resulted in the loss of GM-CSF- or M-CSF-induced macrophage morphologies of adherent cells and led to most cells being rounded and floating after 6 days in culture ([Figure 1A](#fig1){ref-type="fig"}, panels 1, 2 and 4). FACS analysis showed that BHA blocked the increased expression of the macrophage marker, CD11b ([Supplementary information, Figure S1A](#sup1){ref-type="supplementary-material"}), suggesting that BHA may affect the monocyte-macrophage differentiation. We then examined whether BHA affects the differentiation of M1 and M2 macrophages. As shown in [Figure 1A](#fig1){ref-type="fig"}, panels 3 and 5, when BHA was added before GM-CSF or M-CSF treatment, BHA affected the M2 but not M1 differentiation, as indicated by cell morphologies. However, when BHA was added 6 days after GM-CSF or M-CSF treatment, but before the polarization by LPS/IFNγ or IL-4, it had no effect on monocyte differentiation to either M1 or M2 macrophages ([Supplementary information, Figure S1B](#sup1){ref-type="supplementary-material"}). We also found that BHA does not block monocyte-macrophage differentiation when added 1 day after GM-CSF or M-CSF treatment (unpublished data). These data indicated that BHA interferes with macrophage differentiation at the early stage of the process and the inhibitory effect of BHA on GM-CSF-differentiated macrophages is overcome during M1 polarization. To confirm that BHA specifically blocked the differentiation of monocytes to M2, but not M1 macrophages, we examined the expression of M1 and M2 macrophage-specific markers. BHA had no effect on the increase of M1 macrophage marker CD86, while it blocked the expression of M2 macrophage marker CD163^[@bib14],[@bib27]^ ([Figure 1B](#fig1){ref-type="fig"} and [1C](#fig1){ref-type="fig"}).

We next investigated the effect of BHA on the production of M1- and M2-specific cytokines and chemokines. BHA had little effect on the production of M1 macrophage cytokines, TNFα, IL-12 and IL-6 and chemokine, CXCL11, but dramatically blocked the production of M2 macrophage cytokine, IL-10, and chemokines, CCL17, CCL18 and CCL24^[@bib14],[@bib28]^ ([Figure 1D--1E](#fig1){ref-type="fig"}). These results suggested that BHA specifically blocked the differentiation of human monocytes to M2 but not M1 macrophages.

ROS are required for M2 macrophage differentiation
--------------------------------------------------

As BHA blocks ROS generation^[@bib26]^, we investigated whether BHA affected M2 macrophage differentiation through eliminating ROS. We first examined whether O^2−^ was generated following GM-CSF or M-CSF treatment. As shown in [Figure 2A](#fig2){ref-type="fig"}, O^2−^ was generated quickly and reached maximum levels at 12 h in GM-CSF- or M-CSF-treated human primary monocytes ([Figure 2A](#fig2){ref-type="fig"} and [Supplementary information, Figure S2A](#sup1){ref-type="supplementary-material"}). Treatment with BHA efficiently inhibited GM-CSF- or M-CSF-induced O^2−^ production ([Figure 2A](#fig2){ref-type="fig"}). To check whether blocking ROS generation by BHA is responsible for its inhibitory effect on macrophage differentiation, we added H~2~O~2~ to the BHA-treated cells. BHA-mediated loss of macrophage morphologies was partially recovered by the presence of low concentrations of H~2~O~2~ ([Figure 2B](#fig2){ref-type="fig"}), indicating that ROS play a role in macrophage differentiation. To further confirm the involvement of ROS in macrophage differentiation, we examined the effect of other ROS inhibitors such as apocynin, TEMPO and NAC on the differentiation of monocytes to M1 and M2 macrophages. Apocynin, TEMPO and NAC had no effect on M1 marker CD86, but efficiently inhibited the increase of CD163 expression in M2 macrophages ([Figure 2C](#fig2){ref-type="fig"}, [2D](#fig2){ref-type="fig"} and [Supplementary information, Figure S2B](#sup1){ref-type="supplementary-material"}). TEMPO and apocynin had little effect on the induction of M1 cytokines, TNFα and IL-6, but they dramatically inhibited the expression of the M2 cytokine, IL-10 and the chemokines, CCL17, CCL18 and CCL24 ([Figure 2E](#fig2){ref-type="fig"} and [2F](#fig2){ref-type="fig"}). These results indicate that ROS play a key role in the differentiation of M2 macrophages.

NADPH oxidase (NOX)-mediated superoxide production is the main non-mitochondrial source of ROS. Some reports have described the relevance of NOX-mediated superoxide production in the differentiation of cell types^[@bib25],[@bib29]^. To check the role of NOX-generated superoxide in monocyte-macrophage differentiation and macrophage polarization, we knocked down the expression of the small GTPase RAC1, which is an essential component of both NOX1 and NOX2 enzyme complexes^[@bib30]^, in monocytes. The knockdown of RAC1 had no effect on the differentiation of M1 macrophages, but efficiently blocked M2 macrophage differentiation ([Supplementary information, Figure S3](#sup1){ref-type="supplementary-material"}), suggesting that BHA blocks the differentiation of M2 macrophages through inhibiting NOX-mediated O^2−^ generation.

ROS-mediated late phase ERK activation is critical for macrophage differentiation
---------------------------------------------------------------------------------

It is reported that MAP kinases, ERK, JNK and p38, are activated and involved in macrophage differentiation^[@bib7],[@bib8],[@bib9]^. To investigate the mechanism of ROS-mediated macrophage differentiation, we examined which MAPK pathway is required for human primary monocyte differentiation with inhibitors specific for each pathway. The inhibition of ERK or JNK pathways, but not the p38 pathway, blocked GM-CSF- or M-CSF-induced monocyte-macrophage differentiation ([Supplementary information, Figure S4A](#sup1){ref-type="supplementary-material"}). We then tested whether blocking ROS generation by BHA had any effect on these two pathways. We found that GM-CSF and M-CSF induced a biphasic activation of ERK and that BHA particularly inhibited the late-phase ERK activation, although it also had some effect on the early activation ([Figure 3A](#fig3){ref-type="fig"} and [3B](#fig3){ref-type="fig"}). In contrast, BHA had no effect on JNK activation ([Supplementary information, Figure S4B](#sup1){ref-type="supplementary-material"}). Similar results were obtained with apocynin ([Supplementary information, Figure S4C](#sup1){ref-type="supplementary-material"}). These data implied that GM-CSF- or M-CSF-induced ROS generation is required for late-phase ERK activation, which is critical for monocyte-macrophage differentiation.

We next examined the role of ERK activation in the differentiation of monocytes to M1 and M2 macrophages. Adding U0126 at the beginning of the differentiation process had little effect on the increase of M1 marker CD86, but blocked the induction of M2 marker CD163 ([Figure 3C](#fig3){ref-type="fig"} and [3D](#fig3){ref-type="fig"}). Adding U0126 at this stage did not affect the production of M1 cytokines, TNFα and IL-6, but inhibited the expression of M2 chemokines, CCL17, CCL18 and CCL24 ([Supplementary information, Figure S4D](#sup1){ref-type="supplementary-material"}). Interestingly, U0126 had no effect on the production of IL-10 in M2 macrophages ([Supplementary information, Figure S4D](#sup1){ref-type="supplementary-material"}), indicating that besides the ERK pathway, BHA affected additional pathway(s) that is involved in macrophage differentiation. These data indicated that blocking ERK activation in the early stage of macrophage differentiation specifically affects the M2 differentiation.

As BHA and U0126 clearly affected GM-CSF-induced monocyte-macrophage differentiation ([Figure 1A](#fig1){ref-type="fig"} and [Supplementary information, Figure S4A](#sup1){ref-type="supplementary-material"}), it is important to investigate how this defect is overcome during the polarization to M1 macrophages. As LPS activates the ERK pathway through TLR4 in macrophages^[@bib27]^, we then examined ERK activation during M1 polarization. As shown in [Figure 3E](#fig3){ref-type="fig"}, top panel, ERK is promptly activated by LPS/IFNγ treatment and BHA did not block this activation. Adding U0126 on day 6 after GM-CSF, but not before GM-CSF treatment (day 0), inhibited ERK activation ([Figure 3E](#fig3){ref-type="fig"}, bottom panel). Importantly, adding U0126 just before polarizing with LPS/IFNγ blocked the induction of the M1 marker CD86 and the production of the M1 cytokine TNFα in BHA-treated cells ([Figure 3F](#fig3){ref-type="fig"} and [3G](#fig3){ref-type="fig"}). These results indicated that BHA-caused defects including the loss of ERK activation in GM-CSF-differentiated macrophages are overcome during M1 polarization. Consistent with this conclusion, ERK is not activated during IL-4-induced M2 polarization ([Supplementary information, Figure S4E](#sup1){ref-type="supplementary-material"}).

Blocking ROS generation by BHA inhibits M2 macrophage differentiation *in vivo*
-------------------------------------------------------------------------------

To confirm the effect of BHA on M2 macrophage differentiation in the murine system, we examined the differentiation of mouse bone marrow cells. M-CSF differentiates bone marrow cells into bone marrow-derived macrophages (BMMs). Similar to human macrophages, murine BMMs treated with IFNγ/LPS polarize to M1 macrophages with high expression of iNOS, a specific marker of murine M1 macrophages^[@bib14],[@bib31]^. BMMs are treated with IL-4 or IL-4 plus IL-10 to polarize to M2 macrophages^[@bib31],[@bib32]^, which have specific markers Arginase I, Ym-1 and RELMα/FIZZ1^[@bib14]^. BMMs, M1 and M2 macrophages are characterized by the expression of cell surface marker F4/80^[@bib33],[@bib34]^ and loss of monocyte marker Ly6C. BHA blocked the expression of F4/80 in BMMs and M2, but had a modest effect on F4/80 expression in murine M1 macrophages ([Figure 4A](#fig4){ref-type="fig"}). Consistently, BHA abolished the Arginase I expression in M2 macrophages and did not affect the iNOS level in M1 macrophages ([Figure 4B](#fig4){ref-type="fig"}). In addition, while BHA did not block TNFα production in M1 macrophages, it inhibited IL-10 expression in M2 macrophages ([Figure 4C](#fig4){ref-type="fig"}). These data suggest that, similar to the human system, BHA specifically blocked the differentiation of murine monocytes to M2 macrophages.

Thioglycollate stimulates the classical inflammatory cascade and leads to the recruitment of M1 macrophages to the peritoneal cavity, while the combination of IL-4 and anti-IL-4 antibody (referred to as IL-4c) results in the accumulation of RELMα^+^ M2 macrophages^[@bib35]^. To examine whether BHA affects the differentiation of M2 macrophages *in vivo*, mice were maintained continuously on either normal or BHA diet for 2 weeks and then injected with thioglycollate or IL-4c. The formulation of BHA diet was adapted from a previous study on the effect of BHA on tumor development^[@bib36]^. As shown in [Figure 4D](#fig4){ref-type="fig"}, thioglycollate treatment resulted in similar numbers of peritoneal F4/80^+^/Ly6C^−^ M1 macrophages in mice on normal and BHA diet. In contrast, BHA treatment of IL-4c-treated mice dramatically reduced the peritoneal accumulation of F4/80^+^/RELMα^+^ M2 macrophages ([Figure 4E](#fig4){ref-type="fig"}). These results indicated that BHA efficiently inhibits the differentiation of M2 macrophages *in vivo*.

BHA blocks the occurrence of TAMs and suppresses tumorigenesis
--------------------------------------------------------------

As M2 macrophages share many features with TAMs, which are critical mediators of tumorigenesis^[@bib16]^, we then tested whether BHA blocks the occurrence of TAMs in tumor models. Considering that monocytes are constantly produced from bone marrow, we reasoned that continuous BHA treatment is necessary for blocking the differentiation of monocytes to TAMs in three different cancer models. The continuous BHA treatment is not toxic to mice as we did not notice any developmental abnormalities or diseases including cancer in mice on BHA diet for up to 2 years. The first model that we used is the Urethane-induced lung cancer model in which TAMs are thought to play a role in tumorigenesis^[@bib37]^. A/J mice were maintained on BHA diet 2 weeks before or 1 week after Urethane treatment, while control animals were left on normal diet ([Supplementary information, Figure S5A](#sup1){ref-type="supplementary-material"}). Whole lungs from these mice were collected 6 months after Urethane injection. To quantify the presence of macrophages, lung samples were stained with anti-F4/80 antibody. As shown in [Figure 5A](#fig5){ref-type="fig"}, similar background levels of F4/80^+^ macrophages are present in the lungs of control animals on normal and BHA diet. The numbers of F4/80^+^ cells are dramatically increased, especially in the areas around the tumors, in the lungs of Urethane-treated mice compared with non-Urethane control mice. Administration of BHA either before or after Urethane treatment almost completely blocked the increase of macrophages in the lungs ([Figure 5A](#fig5){ref-type="fig"} and [5B](#fig5){ref-type="fig"}). To verify that the increased macrophages in Urethane-treated mice are mostly M2-like TAMs, we examined the expression of M2 macrophage markers Arginase I and Ym-1 in these lung samples by western blotting. As shown in [Figure 5C](#fig5){ref-type="fig"} and [Supplementary information, Figure S5B](#sup1){ref-type="supplementary-material"}, very low or no expression of Arginase I and Ym-1 was detected in the lungs of control mice on normal or BHA diet. However, the expression levels of Arginase I and Ym-1 were dramatically increased in the lungs of Urethane-treated mice and importantly, this elevated expression of Arginase I and Ym-1 was abolished when BHA was administered to Urethane-treated mice ([Figure 5C](#fig5){ref-type="fig"} and [Supplementary information, Figure S5B](#sup1){ref-type="supplementary-material"}). These results indicated that BHA blocks the occurrence of TAMs in the Urethane-induced lung cancer model.

We examined the lung tumor multiplicity and tumor burden by microscopic examination after serial sectioning of lungs, as previously described^[@bib38],[@bib39]^. As shown in [Figure 5D--5G](#fig5){ref-type="fig"} and [Supplementary information, Figure S5C](#sup1){ref-type="supplementary-material"}, A/J mice developed large numbers of lung tumors 6 months after Urethane treatment, and administration of BHA before or after Urethane treatment significantly blocked tumor development, although less effectively when BHA is administered after Urethane treatment. As both tumor multiplicity and tumor burden are reduced by BHA, these results indicated that BHA blocks tumorigenesis at both initiation and progression stages.

Similar studies were performed using two oncogene-driven cancer models: *K-ras^LA2^*-induced lung cancer and *MMTV-PyMT*-induced breast cancer^[@bib40],[@bib41]^. Three-week-old male *K-ras^LA2^* mice were weaned and started on normal or continuous BHA diet ([Supplementary information, Figure S5A](#sup1){ref-type="supplementary-material"}). Whole lungs of these mice were collected at 5 months of age and the effect of BHA on the occurrence of TAMs in *K-ras^LA2^* tumor-bearing mice was analyzed. High levels of F4/80^+^ macrophages were present in the lungs of *K-ras^LA2^* mice and BHA dramatically reduced the number of F4/80^+^ cells ([Figure 6A](#fig6){ref-type="fig"}). The elevated expression of M2 marker Arginase I in *K-ras^LA2^* mice was also abolished by BHA ([Figure 6B](#fig6){ref-type="fig"}). Compared with the mice on normal diet, *K-ras^LA2^* mice on BHA diet had a significant decrease in lung tumor multiplicity and reduction in lung tumor size ([Figure 6C--6E](#fig6){ref-type="fig"} and [Supplementary information, Figure S6](#sup1){ref-type="supplementary-material"}). While most *K-ras^LA2^* mice on normal diet are dead at 6 months of age, the mice on BHA diet have a much longer lifespan ([Figure 6F](#fig6){ref-type="fig"}).

In the *MMTV-PyMT* breast cancer model, the late-stage carcinogenesis and pulmonary metastasis are regulated by TAMs^[@bib42],[@bib43]^. To test whether BHA blocks the occurrence of TAMs in this model, 3-week-old, weaned female *MMTV-PyMT* mice were put on normal or continuous BHA diet and mammary tissues/tumors and whole lungs of these mice were collected at 100 days of age ([Supplementary information, Figure S5A](#sup1){ref-type="supplementary-material"}). F4/80^+^ macrophages are dramatically reduced in the mammary tissue/tumor samples of mice on BHA diet as compared with samples from mice on normal diet ([Figure 7A](#fig7){ref-type="fig"}). Importantly, BHA significantly reduced the mammary tumor burden and numbers of metastatic foci in the lungs of mice on BHA diet compared with those of mice on normal diet ([Figure 7B--7D](#fig7){ref-type="fig"}).

These results indicated that BHA inhibited the occurrence of TAMs and suppressed the development of primary tumors in the *K-ras^LA2^* and *MMTV-PyMT* models and possibly, tumor metastasis in the *MMTV-PyMT* breast cancer model.

BHA has no effect on MCP-1-directed monocyte migration and tumor cell growth
----------------------------------------------------------------------------

As monocytes are recruited to the tumor tissue and differentiate into TAMs, we tested whether BHA affected monocyte recruitment. We used MCP-1 (CCL2), which is the major chemokine regulating monocyte recruitment^[@bib16]^, as the chemoattractant in a monocyte transwell migration assay in the absence or presence of BHA. As shown in [Figure 8A](#fig8){ref-type="fig"}, MCP-1 significantly increased cellular migration of human monocytes (five- to six-fold increase compared with control group), and the presence of BHA had no effect on MCP-1-induced monocyte migration (about five-fold increase compared with BHA control).

To further prove that BHA suppresses tumorigenesis by blocking M2 macrophage/TAM differentiation, we examined the effect of BHA on tumor cell growth *in vitro* and *in vivo*. As shown in [Figure 8B](#fig8){ref-type="fig"}, the presence of BHA had no effect on the proliferation of three types of tumor cell lines. In addition, we tested the effect of BHA on tumor growth in breast cancer xenograft model by inoculating MDA-MB-231-tdTomato cells in athymic nu/nu mice. Animals were maintained on normal NIH-31 chow or NIH-31 chow with 7.5 g/kg BHA starting 1 week before the inoculation of tumor cells. We found that both mice fed with normal food and mice with BHA food formed primary tumors, while the presence of BHA resulted in significant reduction of tumor size 6-8 weeks post-inoculation compared with control group, suggesting that BHA inhibits tumor growth in this model ([Figure 8C](#fig8){ref-type="fig"}). To prove that the inhibition of tumor growth by BHA was caused by its effect on the tumor-associated macrophages, but not on tumor cell proliferation, we next studied the effects of macrophage depletion on tumor progression with or without BHA in this model. Macrophage depletion was achieved by treating nude mice with liposomal clodronate, which induced 80%-90% depletion of macrophages monitored by testing for the peritoneal macrophages and spleen macrophages (data not shown). As shown in [Figure 8C](#fig8){ref-type="fig"}, liposomal clodronate treatment inhibited tumor growth in both normal diet group and BHA diet group. However, the presence of BHA did not induce the suppression of tumor growth after macrophage depletion ([Figure 8C](#fig8){ref-type="fig"}). Our data suggest that BHA blocks tumor growth by specifically affecting TAMs but not the proliferation of tumor cells directly.

Discussion
==========

Macrophages are chief participants in host inflammatory responses. The underlying mechanisms of macrophage differentiation and polarization are still poorly understood. Using human primary monocytes and murine bone marrow-derived cells, we demonstrated the important role of ROS in M2 macrophage differentiation. Our results showed that continuous administration of BHA blocks the occurrence of TAMs and suppresses tumorigenesis.

In macrophages, the generation of superoxide (O^2−^) is important for them to kill invasive microorganisms. However, the role of ROS in macrophage differentiation has not been well defined. Here, we found that ROS is produced in the early stage of monocyte-macrophage differentiation. Blocking ROS generation by BHA, TEMPO, NAC and apocynin specifically inhibits M2 macrophage differentiation. Knocking down RAC1, which is one of the critical ROS-producing components and an essential component of NOX, efficiently blocked M2 macrophage differentiation, suggesting that NOX-mediated O^2−^ generation is required for M2 macrophage differentiation. However, as BHA, TEMPO, NAC and apocynin are general ROS inhibitors, other source of ROS, such as mitochondria-generated ROS, may also be involved in M2 differentiation. ROS is needed for certain downstream signaling pathways, such as the late-phase ERK activation. While all three MAPKs, ERK, JNK and p38, are activated at the early stage of monocyte-macrophage differentiation, only the late ERK activation is affected by the inhibition of ROS. Our data indicated that this late ERK activation is essential for monocyte-macrophage differentiation. Surprisingly, we found that elimination of ROS only blocked the polarization of M-CSF-differentiated macrophages to M2, but not GM-CSF-differentiated cells to M1 macrophages. When GM-CSF-differentiated cells are polarized to M1 macrophages, several signaling pathways including ERK are activated by LPS through TLR-4^[@bib27]^. The pathways directly activated by TLR-4, such as ERK activation, are not affected by the elimination of ROS. Therefore, when cells are polarized to M1 macrophages by LPS/INFγ, the inhibitory effect of BHA on GM-CSF-differentiated cells is overcome by TLR-4-mediated signaling. In contrast, during the polarization to M2 macrophages, IL-4 does not activate signaling pathways, such as ERK, which are blocked by BHA, in M-CSF-differentiated cells. Thus, elimination of ROS only affects the polarization to M2 but not M1 macrophages.

M-CSF-induced BMMs have been widely used to study mouse macrophages, however, slightly different from the human system, GM-CSF treatment of mouse monocytes results in a mixture of macrophages and DCs^[@bib44],[@bib45]^. In M-CSF-induced BMMs, BHA blocked IL-4/IL-10-triggered polarization to mouse M2 macrophages, but did not affect LPS/IFNγ-induced polarization to mouse M1 macrophages. Our data from studies on murine macrophage differentiation *in vitro* and *in vivo* suggest that the requirement of ROS in the differentiation of monocytes to M2 macrophages is a general phenomenon. Administering BHA *in vivo* could abrogate the differentiation of the low cytotoxic, growth-promoting M2 macrophages and have no effect on the differentiation of monocytes to the pro-inflammatory M1 macrophages.

TAMs produce a variety of factors to promote tumor growth and angiogenisis and to mediate immunosuppression^[@bib16]^. Eliminating TAMs can effectively block tumorigenesis^[@bib20]^. As TAMs are M2-like macrophages, we examined whether BHA can block the occurrence of TAMs in three different cancer models. We found that BHA indeed abolished the occurrence of TAMs in all three models regardless of when BHA was administered to mice during tumorigenesis. In the Urethane-induced lung cancer model, BHA eliminated the occurrence of TAMs with similar efficiency, no matter whether it was administered before or after Urethane treatment ([Figure 5](#fig5){ref-type="fig"}). In the *K-ras^LA2^* lung cancer model and *MMTV-PyMT* breast cancer model, administering BHA after tumor initiation^[@bib40],[@bib46]^ also efficiently blocked the occurrence of TAMs ([Figures 6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}). Consistent with previous reports that TAMs promote tumor initiation, progression and metastasis, our data indicated that BHA suppressed tumorigenesis in all three stages. We found that BHA blocks tumor initiation and progression in the Urethane-induced lung cancer model, inhibits tumor progression in *K-ras^LA2^* lung cancer model, and reduces tumor progression and metastasis in *MMTV-PyMT* breast cancer model. While the effect of BHA on TAMs is similar in these three models, BHA inhibits tumorigenesis most effectively when it was administered before Urethane treatment, supporting the notion that TAMs play a critical role in tumor initiation. When BHA is administered after tumor initiation, it markedly suppresses tumor growth and reduced metastasis ([Figures 6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}). Importantly, our data indicated that the differentiation of inflammatory M1 macrophages or F4/80^+^ macrophages in non-cancer mice is not affected by BHA ([Figures 4D](#fig4){ref-type="fig"}, [5A](#fig5){ref-type="fig"} and unpublished data). Considering the importance of TAMs in tumorigenesis, our study clearly demonstrated that inhibiting the occurrence of TAMs by BHA contributes to its inhibition of tumorigenesis.

The antitumor activity of BHA has been reported in several carcinogen-induced animal tumor models^[@bib37],[@bib47]^. However, as BHA was administered only temporarily or periodically, the inhibitory effect of BHA on tumorigenesis is relatively small in these studies. Our finding that BHA blocks the ROS-mediated differentiation of M2 macrophages demonstrated the importance of continuous administration of BHA to block the occurrence of TAMs and efficiently suppress tumorigenesis. More importantly, we found that BHA has no effect on the proliferation of a variety of tumor cells *in vitro*. In the breast cancer xenograft model, mice fed with BHA food suppressed tumor growth compared with mice fed with normal food. As TAMs also play a pivotal role in tumor growth of xenograft models and Clodronate liposome-mediated TAM depletion inhibits tumor growth in athymic nu/nu mice^[@bib48]^, the effect of BHA in this model could be the result of the inhibition effect of BHA on TAMs. When macrophages were depleted in this model, BHA did not inhibit tumor growth, confirming that BHA suppressed tumorigenesis by targeting TAMs but not by directly affecting tumor cells. Additionally, BHA had no effect on MCP-1-induced monocyte migration, suggesting that BHA did not inhibit monocyte recruitment to the tumor tissue. Although BHA could have multiple targets during tumor development, our study suggests the possibility of BHA as an inhibitor of cancer development achieved mainly by blocking M2 macrophages, rather than by affecting other factors, such as tumor cell growth or TAM recruitment. As a cancer prevention and therapeutic agent, BHA may be more potent if it inhibits multiple components of tumorigenesis. Our data clearly demonstrated that the continuous administration of ROS inhibitors for targeting TAMs may be a potentially effective method for cancer treatment. As the ultimate goal of biomedical research is to translate the findings of basic research into new treatments of diseases, our current work is one of the examples that have the potential to translate the basic research into immediate applications to greatly improve human health.

Materials and Methods
=====================

Animals
-------

*K-ras^LA2^* mice were from NCI mouse repository (NCI-Frederick). *MMTV-PyMT* mice, A/J mice and C57BL/6 were from the Jackson Laboratory. Mice were maintained under pathogen-free conditions, and experimental protocols were approved by NCI, following NIH guidelines.

Reagents and antibody
---------------------

BHA, Apocynin, NAC, LPS and Urethane were obtained from Sigma; anti-phospho-ERK and anti-ERK from Cell signaling; Anti-phospho JNK and Lucigenin from Invitrogen; anti-Ym-1 from STEMCELL Technologies; anti-Arginase I from Santa Cruz; anti-iNOS, anti-JNK, CD11b-PE, CD86-PE, CD163-PE, anti-Ly6C from BD Biosciences; anti-F4/80, F4/80-APC, anti-IL-4 from eBiosciences; anti-RELMα from Peprotech; SP600125, U0126, and SB203580 were from Calbiochem; Recombinant human GM-CSF, M-CSF, IL-4, IFNγ, and recombinant mouse M-CSF, IL-4, IFNγ from R&D Systems.

Cell culture
------------

Elutriated human monocytes from blood were obtained from NIH Blood bank (according to NIH protocol 99CC0168). Monocytes were cultured in RPMI-1640 medium supplemented with 10% (vol/vol) FBS and 2 mM glutamine, with penicillin (100 U/ml) and streptomycin (100 μg/ml). For differentiation, cells were cultured for 6 days in the presence of recombinant human GM-CSF (10 ng/ml) or M-CSF (25 ng/ml). For M1 polarization, monocytes treated with GM-CSF for 6 days were then treated with LPS (100 ng/ml) and IFNγ (20 ng/ml). For M2 polarization, monocytes treated with M-CSF for 6 days were then treated with IL-4 (25 ng/ml).

O^2−^ generation assays
-----------------------

O^2−^ generation was measured by O^2−^-dependent lucigenin chemiluminescence. Approximately 1 × 10^5^ cells in 1 ml HBSS were incubated with Lucigenin (200 mM) for 5 min. Chemiluminescence was measured at 37 °C.

M1/M2 macrophage differentiation *in vivo*
------------------------------------------

To generate M1 macrophages *in vivo*, 8-week-old female A/J mice were maintained on normal or BHA diet for 2 weeks and thioglycolate-activated M1 macrophages were isolated by peritoneal lavage with 10 ml of ice-cold PBS for 4 days after intraperitoneal injection of 1 ml 3% sterile thioglycolate. The cells from thioglycolate-induced peritonitis were co-stained with anit-Ly6C and anti-F4/80 antibodies and analyzed by flow cytometry.

To generate M2 macrophages *in vivo*, we injected (i.p.) 8-week-old female A/J mice that were on normal or BHA diet for 2 weeks with 200 μl of a IL-4c (combination of a 2:1 ratio of recombinant mouse IL-4 (rmIL-4; 5 μg) and anti-IL-4 Ab (clone 11B11; 25 μg in PBS)), or PBS vehicle control on days 0 and 2. On day 4, the cells from IL-4c-induced peritonitis were isolated by peritoneal lavage with 10 ml of ice-cold PBS and co-stained with anti-F4/80 and anti-RELMα antibodies and analyzed by FACS.

Tumor models
------------

Urethane model: 8-week-old female A/J mice that were weight and age matched were used for experiments. Tumors were induced by single i.p. injection of 1 g/kg Urethane. Animals were then divided into normal NIH-31 chow or NIH-31 chow with 7.5 g/kg BHA. After 6 months, lungs were excised and evaluated for tumors.

Kras model: 3-week-old male *K-ras^LA2^* mice were divided into normal NIH-31 chow or NIH-31 chow with 7.5 g/kg BHA. At 5 months of age, lungs were excised and evaluated for tumors.

Breast tumor model: 3-week-old female *MMTV-PyMT* mice were divided into normal NIH-31 chow or NIH-31 chow with 7.5 g/kg BHA. Breast and lungs from 100-day-old mice were excised and evaluated for tumors.

Monocyte migration assays
-------------------------

Human monocytes were measured in a Boyden chamber migration assay using Transwell inserts with an 8-μm porous membrane (BD Biosciences). Freshly elutriated human monocytes were suspended at 2 × 10^6^ cells/ml in RPMI 1640 containing 0.1 mg/ml BSA. A 0.25-ml cell suspension (final concentration, 5 × 10^5^ cells/well) was added to the upper compartment, and cells were incubated at 37 °C (95% air-5% CO~2~). Medium containing 50 ng/ml MCP-1 was placed in the lower chamber. After allowing cell migration for 30 min, cells were removed from the upper side of membranes with a cotton swab, and the migrated cells were fixed with paraformaldehyde and stained with crystal violet. Cell migration was quantified by blind counting of the migrated cells on the lower surface of the membrane of five fields per chamber under microscope. To evaluate the effect of BHA on monocyte migration, cells were pretreated with BHA (100 μM) for 1 h prior to loading onto the migration chamber.

Cell proliferation assay
------------------------

A549, Hela and MDA-NB-231 cells were seeded in 12-well plates at 50 000 cells per well and cultured overnight. Cells were treated with or without BHA (100 μM). The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) assay was used to determine relative cell viability at 24 h and 48 h after BHA treatment. Fifty microlitres of MTT solution was added to 100 ml of culture media and incubated for 4 h at 37 °C, and the optical density was measured at 570 nm. Each experiment was performed in triplicates and repeated three times.

tdTomato-expressing breast cancer cell line and breast cancer xenograft model
-----------------------------------------------------------------------------

Female athymic nu/nu mice (6-week-old; The Jackson Laboratory) were maintained in microisolation cages under specific pathogen-free conditions. MDA-MB-231-tdTomato cells (gift from Dr Kathleen Kelly, NCI) were resuspended in PBS and Matrigel (1:1 v/v). Two million MDAMB-231-tdTomato cells were orthotopically inoculated in the mammary fat pad of anesthetized female athymic nude mice. Animals were divided into groups maintained on normal NIH-31 chow or NIH-31 chow with 7.5 g/kg BHA starting 1 week before the inoculation of tumor cells. For macrophage depletion, the mice with/without BHA chow received Clophosome-A-Clodronate Liposomes (Anionic) or control liposome (FormuMax) by intraperitoneal (i.p.) injection as initial dose of 0.2 ml per mouse, followed by 0.1 ml per mouse once a week for 8 weeks. Tumor xenografts reached their final experimental size within 6-8 weeks. *In vivo* whole-body fluorescence imaging of MDA-MB-231-tdTomato tumor xenografts was performed using a commercially available optical animal imaging system, *In-vivo* Xtreme (Bruker) under isofluorane anesthesia at different times. Relative tumor growth was normalized to week one.

Statistical analysis
--------------------

Statistical analyses were performed using GraphPad Prism and/or Aperio ImageScope Software. Two group comparisons were performed using Student\'s *t*-test. All *P*-values less than 0.05 were considered statistically significant.

Detailed methods are described in the [Supplementary information, Data S1](#sup1){ref-type="supplementary-material"}.
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###### 

**(A)** BHA affects the expression of the characteristic macrophage marker CD11b in M-CSF/GM-CSF treated cells.

###### 

Click here for additional data file.

###### 

Blocking O^2−^ production prevents macrophage differentiation **(A)** Monocytes were either untreated or pretreated with BHA for 1 hour followed by treatment with GM-CSF or M-CSF, and O^2−^ production was measured at the indicated times.

###### 

Click here for additional data file.

###### 

Loss of Rac1 affects M2 but not M1 macrophage differentiation **(A)** Monocytes were transfected with control siRNA or Rac1 siRNA.

###### 

Click here for additional data file.

###### 

The effect of MAP Kinase in GM-CSF/M-CSF-stimulated macrophage differentiation **(A)** Monocytes were left untreated or pretreated for 1 hour with either ERK inhibitor (U0126, 5 μM), JNK inhibitor (SP, 10 μM) or p38 inhibitor (SB, 5 μM).

###### 

Click here for additional data file.

###### 

**(A)** Experimental protocols for promotion of tumor.

###### 

Click here for additional data file.

###### 

Analysis of Kras^LA2^ lung tumors.

###### 

Click here for additional data file.

###### 

Methods

###### 

Click here for additional data file.

![BHA blocks M2 but not M1 macrophage differentiation. **(A)** Monocytes were either left untreated or treated with BHA (100 μM) for 1 h before GM-CSF or M-CSF treatment for 6 days. On day 6, GM-CSF-treated cells were treated with LPS (100 ng/ml) and IFNγ (20 ng/ml) for 24 h. M-CSF-treated cells were treated with IL-4 (25 ng/ml) for 24 h. Representative light microscopy images are shown. **(B**, **C)** Flow cytometry analysis of the M1 marker CD86 **(B)** and M2 marker CD163 **(C)** with anti-CD86 and anti-CD163 antibodies, respectively, in cells as treated in **A**. Gray histogram represents unstained cells. **(D**, **E)** Detection of M1 cytokines (TNFα, IL-12, IL-6) and chemokine (CXCL11) **(D)**, and M2 cytokine (IL-10) and chemokines (CCL17, CCL18, CCL24) **(E)** by real-time PCR in cells as treated in **A**. G, GM-CSF; M, M-CSF. Error Bars: ± SEM, data from at least three independent experiments. ^\*^*P* \< 0.05; ^\*\*^*P* \< 0.01.](cr201375f1){#fig1}

![BHA blocks M2 differentiation by inhibiting O^2−^ generation. **(A)** Monocytes were either left untreated or pretreated with BHA for 1 h. Cells were then treated with GM-CSF or M-CSF and O^2−^ generation was measured at the indicated times. **(B)** Monocytes were either left untreated or pretreated with BHA for 1 h and then differentiated for 6 days with GM-CSF or M-CSF, with or without H~2~O~2~ (0.001 mM). Representative light microscopy images of cells differentiated with GM-CSF or M-CSF are shown. **(C**, **D)** Monocytes were either left untreated or treated with apocynin (500 μM) or TEMPO (500 μM) for 1 h then differentiated for 6 days with GM-CSF or M-CSF. On day 6, GM-CSF-treated cells were treated with LPS and IFNγ (Μ1) for 24 h. M-CSF-treated cells were treated with IL-4 (M2) for 24 h. Flow analysis of M1 marker CD86 in GM-CSF-treated or polarized M1 cells **(C)** and M2 marker CD163 in M-CSF-treated or polarized M2 cells **(D)** are shown. Gray histogram represents unstained cells. **(E**, **F)** Detection of M1 cytokines (TNFα, IL-6) **(E)** and M2 cytokines (IL-10) and chemokines (CCL17, CCL18, CCL24) **(F)** by real-time PCR in M1 and M2 macrophages left untreated or pretreated with TEMPO or apocynin as compared to monocytes. G, GM-CSF; M, M-CSF; APO, apocynin. Error Bars: ± SEM, data from at least three independent experiments. ^\*^*P* \< 0.05; ^\*\*^*P* \< 0.01; ^\#^*P* \< 0.001.](cr201375f2){#fig2}

![Late-phase ERK activation is critical for M2 macrophage differentiation. **(A**, **B)** Monocytes were pretreated with or without BHA for 1 h and then treated with GM-CSF **(A)** or M-CSF **(B)** for the indicated times. Cell lysates were immunoblotted with the indicated antibodies. G, GM-CSF; M, M-CSF. **(C**, **D)** Monocytes were pretreated or without ERK inhibitor (U0126, 5 μM) for 1 h. Cells were differentiated for 6 days with GM-CSF or M-CSF. On day 6, cells were further differentiated by adding LPS/IFNγ or IL-4 for 24 h. Flow cytometry analysis of the CD86 in GM-CSF-treated or polarized M1 cells **(C)** and CD163 in M-CSF-treated or polarized M2 cells **(D)** are shown. **(E)** Upper panel, monocytes were pretreated with or without BHA for 1 h on day 0 and then treated with GM-CSF for 6 days. On day 6, cells were treated with LPS/IFNγ for the indicated times. Lower panel, monocytes were differentiated with GM-CSF for 6 days. On day 6, cells were treated with LPS/IFNγ for 15 min. U0126 was added on either day 0 or day 6. Cell lysates were immunoblotted with the indicated antibodies. **(F)** Monocytes were pretreated with or without BHA for 1 h and then treated with GM-CSF for 6 days. On day 6, cells in BHA-treated group were pretreated with or without U0126 for 1 h, and then treated with or without LPS/IFNγ for 24 h. Cells were collected and analyzed by FACS with anti-CD86 antibody. Gray histogram represents unstained cells. **(G)** Monocytes were pretreated with or without BHA for 1 h and then treated with GM-CSF for 6 days. On day 6, BHA-treated cells were then treated with or without U0126 for 1 h followed by LPS/IFNγ for 24 h. Fold change of TNFα detected by real-time PCR compared to monocytes. G, GM-CSF. Error Bars: ± SEM, data from at least three independent experiments.](cr201375f3){#fig3}

![BHA blocks M2 but not M1 polarization in mouse bone marrow-derived macrophages. **(A)** Mouse bone marrow-derived cells were either treated with or without BHA for 1 h followed by M-CSF for 6 days. On day 6, cells were either further differentiated with LPS and IFNγ or IL-4 and IL-10 for 24 h. Cells were collected, stained with anti-F4/80 antibody and analyzed by flow cytometry. **(B)** The lysates of the cells from **A** were also analyzed by western blotting with anti-arginase I, anti-iNOS and anti-actin antibodies. **(C)** Detection of M1 cytokine (TNFα) or M2 cytokine (IL-10) by real-time PCR in M1 or M2 macrophages pretreated with or without BHA compared with monocytes. Error Bars: ± SEM, data from at least three independent experiments. **(D**, **E)** Mice were maintained on either normal or BHA diet for two weeks then i.p. injected with either thioglycolate (TG) **(D)** or IL-4c **(E)**. After 4 days macrophages were isolated by peritoneal lavage. These cells were co-stained with the indicated antibodies and analyzed by flow cytometry. Representative images are shown.](cr201375f4){#fig4}

![BHA blocks the occurrence of TAMs and suppresses tumorigenesis in Urethane-induced tumor model. **(A**, **B)** A/J mice were maintained on normal or BHA diet for 2 weeks prior to Urethane injection **(A)** or mice on normal or BHA diet 1 week after Urethane treatment **(B)**. Lungs were collected 6 months after Urethane treatment, sectioned and immunostained for F4/80. Representative image is shown in the left panel (T, tumor area) and quantitative analysis is shown in the right panel. The F4/80^+^ cells were evaluated by counting 10 high power fields (20×) per lung section (1 mm)/two tissue sections/mouse. *n* = 10 mice. **(C)** Lung tissues from **A** were analyzed by western blotting with anti-arginase I, anti-YM-1 and anti-actin antibodies. **(D)** Representative H&E images of lungs of mice from **A**. **(E)** Lung tumor multiplicity of mice from **(A)** was determined by counting total tumor foci in 5 serial sections at 400 mm intervals. **(F)** Representative H&E images of lungs of mice from **B**. **(G)** Lung tumor multiplicity of mice from **(B)** was determined by counting total tumor foci in five serial sections at 400 mm intervals. Error Bars: ± SEM.](cr201375f5){#fig5}

![BHA inhibits TAM occurrence and suppresses lung adenomas in *K-ras^LA2^* mice. **(A)** *K-ras^LA2^* mice were maintained on normal or BHA diet at 3 weeks of age. Lungs were collected at 5 months of age, sectioned and immunostained for F4/80. Representative image is shown in the left panel (T, tumor area) and quantitative analysis is shown in the right panel. The F4/80^+^ cells were evaluated by counting 10 high power fields (20×) per lung section (1 mm)/2 tissue sections/mouse. *n* = 6 mice. **(B)** Lung tissues from **A** were analyzed by western blotting with anti-arginase I and anti-actin antibodies. **(C)** Representative H&E images of lungs of mice from **A**. **(D**, **E)** Lung tumor multiplicity of total lung **(D)** and large tumors (over 1 mm in size, **E**) of mice from **A** was determined by counting total tumor foci in five serial sections at 400 mm intervals. Error Bars: ± SEM. **(F)** Survival curve of *K-ras^LA2^* mice maintained on BHA or normal diet from 3 weeks of age is shown.](cr201375f6){#fig6}

![BHA blocks the occurrence of TAMs and suppresses primary tumor development and lung metastasis in *MMTV-PyMT* breast cancer model. **(A)** *MMTV-PyMT* mice were maintained on normal or BHA diet at 3 weeks of age. Primary mammary tumors were collected at 100 days of age, sectioned and immunostained for F4/80. Representative image is shown in the left panel (T, tumor area) and quantitative analysis is shown in the right panel. The F4/80^+^ cells were evaluated by counting 10 high power fields (20×) per lung section (1 mm)/two tissue sections/mouse. *n* = 6 mice. **(B)** Tumor burden of mice from **(A)** was determined by measuring primary tumors as described in the Materials and Methods. **(C)** Representative image of H&E stained pulmonary adenoma metastasis of mice from **A**. **(D)** Metastaic lung tumor multiplicity of mice from **A** was determined by counting total tumor foci in five serial sections at 400 mm intervals. *n* = 15; Error Bars: ± SEM.](cr201375f7){#fig7}

![BHA has no effect on MCP-1-directed monocyte migration and tumor cell growth. **(A)** Elutriated human monocytes were treated with MCP-1 (50 ng/ml) and the cell migration was assayed by using Transwell inserts. Cells were pretreated with or without BHA (100 μM) for 1 h prior to loading onto the migration chamber. Migrated cells were stained with crystal violet and evaluated by blind counting of the migrated cells on the lower surface of the membrane of 5 fields per chamber. Representative image is shown in the left panel and quantitative analysis is shown in the right panel. Data in monocyte migration detections represent the means ± SD of nine determinants from 3 independently prepared human samples each with 3 measurements. **(B)** A549, Hela and MDA-NB-231 cells were treated with or without BHA and the cell proliferation were detected by the MTT assay at 24 h and 48 h. The figure shows means ± SD from three independent experiments. **(C)** Tumor growth curve of MDA-MB-231-tdTomato cells inoculated into mouse mammary fat pads is shown. Female athymic nu/nu mice with or without macrophage depletion were divided into normal NIH-31 chow or NIH-31 chow with 7.5 g/kg BHA 1 week before the inoculation of tumor cells. Tumor size was measured for each animal every week starting from the day of the initial treatment. Relative tumor growth was normalized to week 1. Results are given as means ± SEM (*n* = 6/group). ^\*^*P* \< 0.05; ^\*\*^*P* \< 0.01 compared with normal diet control group at matched time point.](cr201375f8){#fig8}
